Carbon nanotubes (CNT) are expected to revolutionize a range of technologies because of their unique mechanical and electrical properties. Using nanotubes in structural materials holds significant promise due to their extremely high modulus and tensile strength, however their cost, production rate and integration into a fiber form severely limit the current structural application opportunities. The high cost of CNT is tied to their slow, batch synthesis using vapor phase, vacuum processes. We report the investigation of the formation of carbon nanotubes from a polymeric precursor using an electrospinning production process. Electrospinning generates nanofibers at velocities up to 10 m/s from a single nozzle without a vacuum requirement, with the potential to generate CNT appropriate from structural and electrical applications. Our CNT formation concept is based upon Reactive Empirical Bond order calculations that show carbon nanofibers have a thermodynamic preference for the cylindrical graphite conformation. Simulations suggest that for small diameter carbon fibers, less than about 60 nm, the single wall and multi wall nanotubes (SWNT and MWNT) phases are thermodynamically favored relative to an amorphous or planar graphitic nanofiber structure. We have developed a novel process using continuous electrospun polyacrylonitrile (PAN) nanofibers as precursors to continuous SWNT and MWNT. The process for converting PAN nanofibers to SWNT's and MWNT's follows the process for typical carbon fiber manufacture. The PAN nanofibers, of 10 to 100 nm in diameter, are crosslinked by heating in air and then decomposed to carbon via simple pyrolysis in inert atmosphere. The pyrolyzed carbon nanofibers are then annealed to form the more energetically favorable SWNT or MWNT phase, depending upon the precursor diameter. We will discuss the process and characterization data.
INTRODUCTION
Carbon fibers are broadly used on advanced aerospace systems in applications such as rocket motors and aircraft wings. Significant cost effective enhancements to the mechanical properties of carbon fibers would have a tremendous impact on the aerospace and defense industries. Conventional continuous fiber spinning is a decades old technology that involves the pressurized feed of a polymer solution or polymer melt through a spinerette followed by precipitation and/or drying steps. Fiber diameter is limited by the size of the holes in the spinerette and complications arising from the mechanics of operation. Minimum conventional fiber diameters are around 5 microns for pressure fed spinerette based processes. Novel solution based self-assembly processes for nanofibers have been reported, but do not provide continuous nanofibers or ready process scalability. Electrospining uses a type of conventional spinerette with a high electrostatic field to drop the fiber diameter as it exits the spinerette, further reducing its diameter relative to the spinerette orifice size. Electrospinning produces fiber sizes range from 3 to 3000 nm, but are more typically in the 200 to 2000 nm diameter size range. Physical Sciences, Inc. (PSI) demonstrated the ability to utilize the electrospinning process to provide continuous nanofibers of polyacrylonitrile (PAN), a carbon fiber precursor, in diameters of less than 10 nm. We demonstrated the conversion of these nanofibers, via stabilization and pyrolysis, to SWNT, MWNT and carbon fibers. The type of CNT produced was strongly dependent upon the precursor nanofiber diameter. Transmission Electron Microscope images of electrospun derived 10 to 50 nm diameter MWNT are shown in Figure 1 supported on lacy carbon grids. The motivation, methods and characterization of these CNT are described in this paper. 
THEORY & EXPERIMENT

Electrospun nanofibers
Electrospinning was first described in a US Patent 1,975,504 in 1934. During the past two decades, electrospinning has had renewed focus in research labs worldwide [1] . Figure 2 shows a typical electrospinning setup. Electrospinning utilizes a strong electrostatic field to drive the formation of a nanosized jet ejected from a polymer solution and carries the nanofiber onto a grounded support. The electric field draws the fiber continuously along its length which permits nanofiber formation without breakage. The jet forms unusually thin fibers from 3 microns down to 3 nm in diameter. A 10,10 SWNT has a 1.38 nm diameter. In order to utilize electrospinning to provide a precursor fiber to MWNT and SWNT, we require a minimum fiber diameter relative to conventional electrospinning. There are electrospinning models that provide guidance for nanofibers production in the range of interest. Freidrik et al. [2] developed a force balance that is based upon 1) a balance of forces on the fiber control the fiber diameter, 2) repulsive forces due to surface charge cause the fiber to elongate, and 3) attractive forces due to surface tension cause the fiber to contract. Freidrik derived the following Eq. (1)
where  is the surface tension,  is the dielectric constant, Q is the flow rate, I is the current carried by the fiber and  is the ratio of the initial jet length to the nozzle diameter. We use this correlation to guide our formulation to reduce nanofiber diameter. In practice, the control of the electrospun fiber diameter may be accomplished with several approaches, including: 1. Control of polymer solids concentration in the spinning solution; 2. Addition of a surfactant to modify the surface tension of the nozzle droplet from which the polymer jet is ejected; 3. Use of higher field voltage with lower solution flow rate to provide faster fiber velocity and thinning. 4. Use of conductive additives to yield higher nanofiber current flows. Each of these strategies were utilized during the electrospun CNT development program.
PAN conversion to carbon fiber
Conventional 5 to 10 micron diameter carbon fiber is made by heating, oxidizing and carbonizing PAN polymer fibers [3] . The fibers are made pushing a PAN solution through a small orifice to form a continuous polymer stream. The polymer stream is typically precipitated in a coagulation bath and then stretched and dried, forming the PAN fiber. Figure 3 shows the chemistry of the PAN during the conversion to carbon. The PAN fiber is heated in air to about 275 to 300C. The heat causes the cyano sites within the PAN polymer chain to form repeated cyclic units, of dihydropyridinimine. Continued heating in air induces thermally promoted oxidative dehydroaromatization. The modified PAN polymer is now a series of fused pyridinepyridone rings. The heating process is continued to 800C and higher in inert atmosphere. Adjacent polymer chains are joined together to give a ribbon-like fused ring polymer. The newly formed ribbons continue to condense and form the lamellar basal plane structure of nearly pure carbon. The nitrogen atoms along the edges of the basal planes are expelled as nitrogen gas during the fusion process. These basal planes will stack to form microcrystalline structures. Note the structural similarity between the CNT basic building block and that of a PAN derived fiber. Only slight structural changes that are thermodynamically driven are needed to convert nanosized amorphous carbon fibers to MWNT and SWNT of comparable diameter. 
CNT formation mechanisms
The conversion of nanosized electrospun carbon fibers to SWNT and MWNT is energetically favorable and only slight volume changes are calculated to occur during the phase conversion of these fibers to MWNT or SWNT. Sinnot et al. [4] described a model for nanotube growth based upon both experiment and computer modeling. These workers adapted a reactive empirical bond-order (REBO) potential calculation to graphite and CNT systems. The REBO potential accurately models the energies, bond lengths, and lattice constants of both solid state and molecular carbon materials. The calculations predicted that graphitic carbon structures have varying stability as a function of size. For structures with a small number of atoms per unit length (i.e. SWNT), the graphene sheet was predicted to have the least stable structure as a consequence of dangling bonds at the edges. The free energy as a function of number of carbon atoms in the structure is shown in Figure 4 for both structures, as taken from Sinnott. A nanotube graphene cylinder has a lower free energy than a flat graphene sheet of the same number of carbon atoms, i.e., the strain due to the bending of the sheet is overcome by the reduction in the number of dangling bends at the sheet edges. This calculation indicates that if a nanosized fiber of carbon is formed with 8000 atoms or less (per unit length), from the gas phase or by electrospinning, the most energetically favorable structure is a cylindrical carbon structure. Additional calculations suggest that MWNTs are more stable than SWNTs because of the Van der Waals attraction between the multiwall cylinders. These workers include data indicating a statistical correlation between the MWNT diameter and the diameter of the catalyst particle. The spacing of carbon atoms in the hexagonal arrays of graphite and nanotubes are very similar, and in some cases identical. Carbon atoms in graphite are spaced 1.42 Å apart, and the graphite sheets are spaced 3.345 Å apart.
[5] The SWNT (10,10), SWNT (18,0) all have C-C bond distances reported to be 1.42 Å as well [6] . This C-C bond length consistency provides a basis for the simple comparison of the number of carbon atoms in an electrospun graphite fiber to the number of carbon atoms in a SWNT. Table I provides a list of the length of a graphite sheet derived from "unrolling" SWNTs of a certain diameter, and compares it to the length of graphite sheet derived from "delaminating" the 4 layers (spaced 3.345 Å apart) of an electrospun graphite fiber 14 Å in diameter. These calculations demonstrate the carbon atom density consistency between the graphite and SWNT phases, indicating that very little volume change is expected from the thermodynamically driven phase change. We now provide some experimental methodologies and data that support our contention that we can synthesize MWNT and SWNT from a polymeric nanofibers precursor.
RESULTS & DISCUSSION
Electrospinning
Details on the apparatus associated with electrospun fiber formation are widely published [3] . Electrospinning solution formulation has a significant impact on nanofiber size and morphology [7] . Figure 5 provides images of fibers derived from three PAN solutions with varying ratios of solvent and surfactant. As can be seem from the images, fiber diameter and extent of electrospraying can be largely controlled via additives. Consistently though, changes in formulation to reduce beading and spraying resulted in increases in the nanofiber diameter. As described earlier, a number of factors impact nanofiber diameter. We examined a wide range of conductive additives to reduce fiber size through the increased fiber velocity resulting from enhanced field interaction. Figure 6 demonstrates the impact of additives upon nanofiber diameter. We examined the use of polyaniline (PANi), iron nitrate, iron chloride, and ferrocene as conductive additives. Smaller diameter nanofibers were achieved relative to those spun without the conductive additives. In many formulations beading could not be eliminated below 100 nm nanofibers diameters. . Nanofiber diameter for a range of formulations sorted by morphology. Figure 7 shows the impact of adding FeCl 2 to PAN in DMAc/Acetone solutions. The FeCl 2 additive affected the solution depending upon addition procedure. When FeCl 2 is added to the polymer solution, the polymer precipitates. However when the polymer was added to FeCl 2 solution, the polymer dissolves and normal viscosity change occurs. It was assumed that the salt causes complexing of the PAN chains. The addition decreased the fiber beading but also increased fiber diameter. Similar results were seen for ferrocene and PANi/FeCl 2 additions. The electrospun nanofiber diameters ranged from 10 nm to 150 nm, depending on the spinning solution. Higher concentrations of polymer yield wider fibers, while lower concentrations of polymer result in thinner fibers but more spraying and spindles. As solution conductivity increases, fiber morphology improves and lower concentrations of PAN become spinnable.
Nanofiber conversion to CNT
The electrospun nanofibers, with and without iron additives, were stabilized (in air) and pyrolyzed (in Argon) using a series of processing times and temperatures. The carbon nanofibers derived from 10 to 60 nm diameter electropsun PAN have provided hollow MWNT (see Figure  1) and SWNT, as evidenced by TEM. A thermal oxidation treatment was used in an effort to purify the MWNT in several samples where carbon beads were formed as a by-product of electrospinning. Carbonaceous compounds are known to oxidize at a range of temperatures, with SWNT being more stable than MWNT, which are more stable than amorphous carbon. The SEM image in Figure 8 Size and microstructure changes of electrospun fibers and their precursors have been characterized through in situ TEM experiments. For electrospun fibers, joule heating has been shown to generate enough heat for the formation of cylindrical carbon structure characteristic of SWNT/MWNT. Figure 9 provides a series of TEM images showing the progressive organization of an amorphous carbon fiber into a double wall nanotube during its thermal treatment. Image a) shows a fully amorphous carbon nanofibers generated at a pyrolysis temperature of 900 o C. As current is passed through the nanofibers (by mounting the nanofibers between electrodes on the TEM stage) the I 2 R heating gradually increases carbon organization into hollow concentric cylinders, consistent with the thermodynamic predictions of Sinnott [4] . The DWNT formation seen in image d). The as spun fibers are also sensitive to electron beam at a intensity of 320 A/cm 2 . Under the beam, the carbon chains gradually orient along the axial direction of the fiber (Figure 10 ). This can be seen both visually and through the Fourier Transform of the image density pattern. The carbon assembly is possibly due to the migration of mobile vacancies and interstitials under electron beam [8] . Again, we have shown the carbon organization consistent with MWNT can occur with enough energy input. The fundamental goal of the program was to demonstrate a high yield of SWNT from an electrospun polymeric precursor. The purity of MWNT produced from electrospun polymer nanofibers approached 90 weight % after oxidative purification. The SWNT yield was consistently low because we were unable to produce uniform PAN nanofibers with a diameter of less than 6 nm, which is required to produce SWNT. Additional information is provided in a US Patent [9] . As a part of the program, we produce aligned electrospun PAN microfiber tows using a continuous roll to roll process in order to demonstrate process scalability.
Electrospinning Scale-up
A near field electrospinning pilot system was developed and demonstrated as a first step toward the production of continuous carbon nanofibers and MWNT tows. The pilot system couples near field electrospinning with conventional solution fiber spinning processes with a unique fiber conveyor mechanism. A schematic of the electrospun fiber system is shown in Figure 11 and examples of the microfibers tows are shown in Figure 12 . The fibers are ejected from the electrospinning nozzle and deposited in a flowing coagulation bath, which carries the fibers without breaking them. The inclined ramp with the flowing coagulation bath carries the fiber tow onto a gutter with a screen, which removes the first coagulation bath and introduces a second bath addition. The tow is then rinsed in hot water, stretch aligned, dried and collected. This process has been described in a US Patent Application [10] . 
CONCLUSIONS
In summary, we have electrospun smooth nanofibers from PAN polymer and were able to reduce their diameter through the use of a range of additives and operational parameters. The ex situ and in situ TEM studies have shown that conversion of amorphous carbon nanofibers to MWNT and SWNT is possible. Thermal oxidation was shown to significantly reduce the nongraphitic carbon. A strategy and apparatus for the continuous production of aligned nanofiber tows using electrospinning was demonstrated.
